To the Graduate Council:

I am submitting herewith a dissertation written by Herbert Danilel Thomas entitled
"Numerical Simulation of Pulsed Plasma Thrusters". Ihave examined the final copy of
this dissertation for form and content and recommend that it be accepted in partial
fulfillment of the requirements for the degree of Doctor of Philosophy, with a major in
Mechanical Engineering.

Levrss Lo,

Dr. Dennis Keefer, Major PeGfessor

We have read this dissertation
and recommend its acceptance:

%’h‘f ?@u‘gy_ o

A D, L
Pl Sl

Accepted for the Council:

‘ Y

Associate Vice Chancellor
and Dean of the Graduate School



NUMERICAL SIMULATION OF PULSED PLASMA THRUSTERS

A Dissertation
Presented for the
Doctor of Philosophy
Degree

The University of Tennessee, Knoxville

Herbert Daniel Thomas

May 2000



DEDICATION

This dissertation is dedicated to my wife

Jessica L. Thomas.

ii



ACKNOWLEDGMENTS

I would like to thank my advisor, Dr. Dennis Keefer, for his guidance and
extreme patience during tﬁe course of my Ph.D. edrleation. Ialso apr)reciate the
assistance of the other professors on my dissertation committee: Dr. Frank Collins, D.r.
Gary Flandro, and Dr. Christian Parigger. Dr. Mentgomery Smith at UTSI was Very
helpful with the digital filtering and spectroscopic dat.é reduction portions of this -
dissertation. Bob erodes and his knqwle_c}ge of the MACH2 code wae also vital to the

| completion of this study. Iam also extremely grateful to the staff of the University of |
Tennessee Spaee Institute library (hezrded by Mary Lo), for their help with the vast
literary searches required for this work. iwould like to express my sincere appreciation
to my family and friends in Knoxville, Tullahoma and Cowan for their support and
encouragement, without which none of th1s work would have been possrble A very

special thanks goes to my wife Jessica for her extreme patrence understandmg, and love.

iii



ABSTRACT

- MACH2 was used to simulate the plasma flow in cablegun (developed at UTSI)
and pulsed plasma thruster (PPT-4, devei_c;ped at the University of Illinr)lis at Urbana-
Champaign) geometries, and the corresponding results were compared to the
: e)rperimental 0perati0n of the devices. The capabilities of MACH?2 were extended by
incorporating a new radiation model as well as new thermodynamic eciuation of state
tables for plasmas containing either Teflon or a mirtture of 39% Teflon and 61% copper. .
(by mass). In developing the tables, the thermetiynarrric variables at low temperatures
were calculated usmg the NASA Equ111br1um Code (CEA) The hlgh temperature
calculations were performed by iterating the mult1 component Saha equatlon Cubic
polynomials vt'ere then used to blend the high and low temperature calculatione together
over the intermedrate temperature regions. The Satla-calculated specific heats contained

large numerical fluctuations and were filtered using a (1,1)-fold trimmw mean filter.
The data was also srnoothed over suitable /temperature intervals using cubic polynomials.
Using spectroscop_ic data gathered in the cablegun experiments at UTS], a preliminary
analysis was performed to obtain a rough estimate of plasma temperature.

Irr the MACH2 simulations, the plasma absorption coefficient ("fox") and the
propellant absorptivity were adjusted to give the correct values for plasma velocity 'and
ablated mass. The resulting impulse bits for the cableguns were 6.89e-04 Nes for a
plasma consisting of only Teflon and 1.84e-03 Nes for a plasma containing 39% Teflon
and 61% copper (by mass) The corresponding speeific impulses are 1254 s and 695 s,
respectively. The PPT-4 thruster produced a total impulse of 2.03e-04 Nes and an
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average specific impulse of 521 s. Although providing less impulse per shot, the PPT-4

thruster output more impulse per energy stored in the capacitor.
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1. INTRODUCTION

1.1 Statement of Problem

IDue to the increasing desire to minimize the cost of spacecraft and to extend tht?ir
useful lifetimes, new propulsion technologies are constantly investigated to reduce the
required propellant mass that a spacecraft must ca_&y or to maximize the payload for a
given amount of fuel. 'fhé dynamics of this problem was first solved by K.E.
Tsiolkolvskii, who developed the famous “rocket equation" to estimate vehicle

performance [1]:

My _ expl - AV | (1.1.1)
MO Uex

where M is the spacecraft mass after the propulsive burn, My is the initial mass, AV is
the velocity increment imparted to the spacecraft, and Ue is the rocket exhaust velocity.
This expréssion shows that for a given initial mass and AV requirement, the | |
corresponding propellant mass is reduced by maximizing Uex.- The exhaust velocities
prbduced by conventional chemical rockets are limited by the available energies released
~ from the chemical reactions. Howevér, the propellant éxhaustsvof electric propulsion
systems can reach much higher speeds than chemical rockets But, typicaily, at much
lower thrust levels. Therefore, for missions requiring only émall amounts of thrust,_ such
as spacecraft attitude control or for interplanetary missioné where electric thrusters can
operate over long periods of time, electric propulsion devic.es can offer substantial mass
savings compared to spacecraft with chenﬁcal propulsion systerﬁs [2].

One area that has received renewed interest is the use of pulsed plasma thrusters
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(PPT's) for spacecraft attitude control, precision pointing, and orbit maintenance [3].
Also, similar devices kﬁown as cablegunsi"iife currently used in plasma opening switchés
[4]. However, thesé devices suffer severe energy losses in the conversion of ‘the electrical
energy to exhaust jet kinetic energy. Therefore, studies have been undertaken to find

- ways to increase the overall efficiéncy of PPT's [5,6]. The objective of this dissertation is
to aid in this effort by implementing a numerical model of the plasma flow in cablegun
and PPT devices using MACH2 [7]. MACH2 is a tim‘e-dependent,. two-dimension‘al,
magnetohydrodynamics (MHD) simulation code. MACH2 employs an implicit, finite-
volume‘solve,r of the Arbitrary Lagrangian Eulerian (ALE) variety. The capabilities of

: MACHZ have been extended by developing new radiation and ablation models and also
by incorporating new thermodynamic equation of state tables that were created for the

desired propellant plasma constituents.

1.2 Electric Propuision Background

’i‘he first person credited to have considered converting electric energy to rocket
exhaust kinetic energy is Robert Goddard who experimented with electric gas discharges
in 1906 [8]. In 1929, Herman Oberth followed by contributing to the theoretical
foundation of rockéfry and devoted a chapter on electric propulsion in his book "Wege
zur Raumschiffarhrt" ("Possibilities of Space Flight") [9]. The first comprehensive study
of the use of electric propulsion in space flight systems began in 1954 and was published
by Ernst Stuhlinge;r [10]. - | |

Electric propulsion devices can be grouped into three general classes:

electrostatic, electromagnetic, and electrothermal [2].. Most early development
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concentrated on the electrostatic (or jon) thruster concept, which accelerates the positive
ions in a plasma through an applied poteﬁtiai differencé. The first oﬁgrational ion engine
model was hdevelope'd at Rockqtdyne Corpofation in Au gust of 1958 [8].‘ The first space
teét of an ion engine was in 1964 with the U.S. SERT I (Spa\ce Electric Rocket Test)
engine, and the first long—tfme space flight test occufred in 197'0'with SER'f‘ II. More
recently, the NSTAﬁ ion engine propelled the Deep Space 1 probe ti‘o a ﬂyb)" of asteroid
9969 Braille on July 28,1999 [11]. -
Electromagnetic (MPD or MHD) propulsion denotcs'cAon:cepts that accelerate
' ionized plasmas by utilizing Lorentz fc;}c‘:»é'si,.:esﬁlting‘ from the ir&é’rdét@rf of external
and/or internal magn;atic fieldé with currents driveri through the blas‘ma"._ Steady devices
have been» extensivély stqdied in the U.S. [12] and in Rqssia [13]. T}lis dissertation
focuses 01; the unstt;ady or pulsed plasma syétems. These thrvus‘ters are driven by an RLC
 (resistance-inductance-capacitance) pulse circuit and can have traditional, rectangular
geometries or coaxial forms Basically, these devices operate by discharging a current
across a solid propellant’, which is ablated, ioniz?:d, aﬁd fhen accelerated out the thruster
.exit. ,Thé first operational PPT was employed on the ill-fated, Soviet“ Zond 2 spacecraft
which was launched toward Mars in November of 1964 [6]. The Unitpd States followed
in 1968 with the successfu1 operation of a PPT on the.LES-6 spacecraft. Other spacecraft
that 'employéd PPT's include the Synchronous lNieteorological Satellite (SMS) in 1974
;md the N avy TRANSIT navigation éatellite system (TIP/N OVA) in 198 1.
| Electrothermal devices were first proposed in the 1950's [8]. In this concept, the
| propellant is heated é;lectrically and thgn éxpanded through a nozzle. .R‘esistojets and
arcjets both fall into this category [2]. In a resistojet, the propellant is passed over an
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electrically heated resistor, which convects heat into the propellant gas. An arcjet passes

the propeliémt gas through an arc colur‘nn,jvhich transfers heat to the gas by ohmic .
heéting,‘ convection and radiatioﬁ.

An alternative to the conventional, rectangular, breech-fed PPT is the cablegun
[4]. This coaxial, pulsed device oberates in a similar manner to the PPT mentioned
above, except th‘at the propellant gas is accelerated primarily by electrothermal rather
than electrdmagneticvprocesses. The discharge from an RLC circuit radiates to a solid,

polymer propellant, which ablates, ionizes, and then expands out the nozzle exit.

1.3 Renewed Interest in PPT's and _Cabl‘eguvns

"Lately, there has been an increaée;i intereéf m ablatio;l-fed, .pulsed‘ plasma
microdevices for use in satellite control and plasma opening switchés. In December of
1999, a PPT will fly on the Earth Observer 1 (EO-1) to demonstrate the concept's attitude
control capability [14]. The U.S. Air Force is considering the use of PPT"s in future
flights of their Mighty Sat II program. PPT's are also scheduled to fly on the New
Millenium Interferometer spacecraft (Deep Space 3 mission) to bé launched in 2001.
This ambitious project will demonstrate the use of pulsed plasma thrusters for spacecraft
translation, pr'ecision positioning, and formation flying. A schematic of the traditional,
rectangular, bfeech—fed PPT is shown in Figure 1.3.1.

Pulsed plasma thrusters and cableguns offer several advantages over resistojets
and other concepts considered for use in plasma opéning switches and spacecraft attitude
and coﬁtrol.' The solid, polymer propellan’t'fs noncorrosive and reqﬁires no tankage and
feedlines [6]. The devices can operate with zero warmup time. The thmsters can impart
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Figure 1.3.1: Traditional PPT Concept [15]

short, discrete increments of velocity change to the spacecraft. The PPT's and especially
cableguns are scaleable to very small sizes and are based on simple concepts which can

be easily implemented.

1.4 Scope of Dissertation

The scope of this dissertation is to simulate‘the plasma flow in'coaxial PPT and
cablegun geometries using MACH?2 and 't'l;en to compare the results with the
experimental operation of the devices. The capabilities of MACH?2 are extended by
developing and implementing new radiation and ablation models in the plasma control
volume and on the propellant boundary. Aiso, tablés of thermodynamic, equation of state
data afe generated over desired density and temperature ranges for plasmas with desired |

propellant constituents.

The coaxial PPT modeled in this dissertation is designated PPT-4 and is under







Teflon-only and Teflon-copper plasmas and used in the MACH2 simulations. Also,
experimental spectroscopic data is used in a preliminary analysis to estimate the

cablegun plasma temperature, which is compared to the MACH2 results.
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Figure 1.4.2: Typical Cablegun Geometry [2]



2. METHODOLOGY

2.1 Governing Equations

The MACH?2 code is used to simulate the céblegun and PPT experiments. This
program numerically integrates the time-ci;pendent governing equations presented in this
section, which includes the continuity, momentum, energy, and state equations along
with the appropria’té Maxwell electromagnetic relations [17]. In this study, the piasma is
assumed to be a state of Local Thermodynamic Equilibrium (LTE), and the

magﬁetohydrodynamic (MHD) approximation is applied (where appropriate) to the

i
electromagnetic expressions.

2.1.1 MHD Relations

The well-known continuity equation is given by:
=P LoV.5=0 : (2.1.1)

where p and V are the plasma density and velocity vector, respectively. The time
derivative above uses the convective differential operator:

D2t=%+v.v (2.12)
Basically, equation (2.1.1) states that the rate of increase of mass in the control volume is
equal to the net rate of mass flowing across the control-surface.

The next governing expression is Newton's 2nd Law (or momentum equation),

which relates surface and body forces to the time rate of change of momentum within the



control volume:
pPD—:-'=—Vp+Tx1§+V-% | (2:1.3)

where p is the plasma pressure, T is the current density, B is the magnetic induction, and_
T is the stress tensor, which can include elastic and viscous surface forces depending on

the problem at hand. Note that the above momentum equation differs from that given in

fluid mechanics texts by the 1ncluelon of the electromagnetlc Lorentz body force JxB.
i In the plasma s1mu1atlons, energy must be conserved at all t1mes Similar to the

contmultv equatlon the conservation of enefgy statee that tl‘le"eneugy morease in the
control volume must be equal to energv 1r‘1put ;mnus output (sources smks) plus the net

energy transported across the volume boundary. Letting u designate the internal energy

per unit mass, the ehergy equation in MACH?2 is:
Du - . e e ) . ‘
PDr PV -V+VxB- (’ﬂ 'VXB)+ (6:V) V-V Eyr —drag (2.1.4)

where T is the electrical resistivity tensor, Fdiff represents the sum of a limited thermal- -

conduction and equilibrium radiation flux terms [17], and q,,q4 corresponds to radiation

cooling rate due to emissionA. “The first term on the right-hand side represents the flow
work, while the second term corresponds to Joule heating. The third and fourth terms

designate the diffusive energy transport.

2.1.2 Electromaguetic Relations

" The conservation equations given above (along with the equations of state

- discussed in section 2.2.3) must be combined with relations for J and B to complete the
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system of equations. The relation for the current density is given by Ampere's law:

J=-——VxB - : (2.1.5)

1
Ho
where i is the permeability of free space, and the displacement current has been

neglected due to the MHD approximation. The equation for the magnetic induction is

derived from Faraday's law:

_?=_VXE o 2.1.6)

where E is the electric field intensity, which'is 'given by the generalized form of Ohm's

law:

E=T.J-wxB+——(ixB) -~ 2.1.7)
' en, -

which includes the c;ontiibution due to the moving plasma (second term on right) and the
Hall current (last term on right). The variable e represents the magnitude of the charge of
an electron, and o, is the electron number density. .Substituting (2.1.7) into (2.1.6) and

using (2.1.5) results in the desired equation for magnetic induction:
9B _ —Vx(—l—ﬁ-Vx1§)+ Vx(foB)—Vx{
ot Ko ‘ _

1

en.lg

Wxﬁxﬁﬂ 2.1.8)

This expression describes the local, time rate of change of the B field due to field

diffusion, motion of the plasma, and theiﬂzill- effect.
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2.1.3 Equations of State

The 11 equations given above describe 14 plasma properfies (counting the
electron number density and plasma .temperature, T). Therefore, three more relations are

required to close the system:

p=plp.T)
u=ulp,T) | (2.1.9)

e =N (p’T)
Given a plasma density and temperature, the pressure, specific internal energy, and
electron number density can be determined from generated thermodynamic tables. The

method used to construct these equation of state tables is discussed later in section 2.4.

2.2 Boundary Conditions

Before integrating the above system, the values of the desired variables along the
grid boundaries must be specified. These bouﬁdary conditions depend on the problem at
hand and include hydrddynamic, thermal, and electromagnetic requiréments [17]. The
hydrodynamic conditions are specified at impermeable walls, inlets and outlgts, and at the
axis of cylindrical symmetry. The thermal boundary conditions are applied to either heat-
conducting walls or insu!ators. The elg:ctromagnetic variabies are specified at the | |
surfaces of idealized electrical conductors and insulators and at tHe symmetry

boundaries.
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2.2.1 Hydrodynamic Boundary Conditions ‘ -

Along a wall surfzice, the flow can be specified as free slip or no slip. For the freé
slip co‘nditi'on., the flow is rf;strictéd to the plane of the surface. Therefore, veloc‘:ity
components normal to the wall are set to- Zero:

A-9=0 | 2.2.1)

where f is the unit normal vector to the wall and is directed toward the grid exterior.

_The no slip condition sets all velocity components to zero at the wall:

v=0 : (2.2.2)
At an inlet, the flow properties can either be set to specified values:

P =Pinlet ; . .
X (2.2.3)

v = ?inl‘et‘
or assigned the values just inside the boundarigs:

A-Vp=0
, (2.2.4)
n-Vvv=0

Similar conditions are a_lSo applied to the flow outlets.. At thé axis of cylindrical

. symmetry, the components of velocity normal to the axis are set to zero.

2.2.2 Thermal Boundary Conditions
The thermal boulidary condition for a heat-conducting wall at a constant
temperature is:

e T =Ty | - (225)

- Inthe case of an insulator, the conductive heat flux is zero at thé wall:

f-VT=0 o | 226
12



- For inlets and outlets, the boundary conditions are similar to the hydrodynamic
‘expressions; the temperature can be specified, or the internal energy can be set to the
value just inside the boundary:

' . - T =Tiptet» Loutlet ' (2.2.7)

n-Vu=0

2.2.3 Electromagnetic Boundary Conditioi;s, | o - : |
Due to the cylindrical symmefry of thevpr‘obléms 4ana'1y.zéd in this dissertation, the
electromagnetic boundary conditions areilisted in cy1indfica1 form. For a perfect

conductor, three expressions model the conditions at the surface [17]:

\

‘J'e =0 ’
nJ, -n,J, =0 (2.2.8)
ﬁV(rBe)=0 .

- These equations result ffoni the condition that the tangential component of the electric -
" field and the normal component of the magnetic induction must be continuous through
the surface of a perfect conductor. For the problems covered in this study, the radial and ‘
axial domponents of the magnetic induétion are zero.

For a perfect electrical insulator, no current flows across the wall surface.

Therefore, the normal current along the insulator is zero. This restriction leads to the

~

following boundary relation: b

1By = Mol (229

B where I is the total current flowing between the insulating boundary and the axis of
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symmetry. At this cylindrical axis of symmetry, the electromagnetic boundary conditions
~ are similar to the hydrodynamic conditions. The components of current density and

magnetic induction normal to the axis are set to zero.

2.3 Radiation/Ablation Model

As stated above in section 1.4, an important objective of this dissertation is to
develop a model Ito predict the amount of _én:erg}; ﬁdiateci to 'tl;efprbpell'an't surface from
the plasma flowfield. In this model,‘rﬁdiation ener'g}" is em;tteh from a diffefential
volume element (dV.), and é fraction of tﬁis eneréj; inte‘rcépts a Iwall' élément (dAy)
located on the propellant surface (see Figure 2.3.1). To simplify the analysis, the plasma
is assumgd to be optically thin and dominated by diffuse, gray emission. Also, the .

propellant surface is assumed to be non-emitting and does not reflect the incoming
radiation.

Kirchhoff's Law states that in order to maintain an energy balance within a black
enclosure, the energy emitted from a body must equal that absorbed [18]. | Therefore, the
radiation density (power/volume) emitted from an isothermal, diffuse, gray volume
without self-absorption is given by [19]:

Q. =4xoT,* (2.3.1)
where x is the total absorption coefficient (which is equal to the total emission coefficient
through Kirchhoff's Law), 6 is the Stefan-Boltzmann Constant, and T is the temperature

of the emitting volume element. The amount of this radiation that reaches dAy, is:

d3q, =Q,dV.f, = 4xoT, dV,f, (2.3.2)

14
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Figure 2.3.1: Radiation quel Geometry

The view facto£, f, is the fréction of the total emitted energy that intercepts dA,,. In
earlier attempts, the view factor was calculated by dividjng 4 into the solid angle, dQ,
subtended by viewing dA,, from the center of the emitting volume. The solid angle was
approximated by projecting the finite surface qf dAy perpendiqular to the iﬁcoming

radiation:

Ceg - . ) B . . -

fo=coew wow . (2.3.3)

m am

This approximation is valid when dA, is small compared to the distance, rew, from dVe to
" dA,. 'However, for emitting volumes close to the wall element (rey, << 1), the view

factors calculated from (2.3.3) can reach values greater than 0.5, which is not physically
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_1'.1 = [rwup COS(GW )— Ie COS(ee )]I + [rwup Sin(ew )'— Ie Sin(ee )]3

A

+ (zwup —Z )k

and (2.3.5)

A
-

L= [r‘wlow COS(ew )— e COS(ee )]I + [rwlow sin (ew )_ Ie sin (ee )]J
+ (Zwlow —Z )12
where the positions of the upper and lower wall surfaces are defined by rwyp, Ow, Zwyp and

T'wlow> Ow, Zwlow» respectively (in the global coordinate system shown in Figure 2.3.1). The

corresponding magnitudes of §, and t, are:
p g 1 2

n= \/r‘%,up —2Uyyple cos(@e -0, )+ re2 + (zwup -z, )2

“and ' k | (2.3.6)

R 2 2
L= \/rwlow - 21-wlow I COS(ee - ew )+ Ie + (Z wlow — Ze)

Therefore, the resulting unit vector for 2’ is given by:

A T

—(rwup ~ I'ylow )COS(BW )i

o 1 AP
5 = + (Egup —~Twtow 500w )| @37

\/(rwup ~ Iwlow )2 + (Z wup ~ Zwlow )2

A

_+ (Z wup ~ Zwlow )k

Using this geometry, the expression for the projected; differential spherical surface

element is:
d2A%, =12, sin(9,, )dé,,do,, (2.3.8)
The projected wall element is then obtained by integrating (2.3.8) from ¢; to ¢,:

dA%, =12, [cos(®, )-cos(0, k8, (2.3.9)
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Substituting (2.3.9) into (2.3.4) results in the fol]owing relation for the view factor:

fr — [COS(¢1)_COS(¢2 )hew | (2310)
4n

where the cosines in the numerator are determined by taking the dot products of T and T,

with the unit vector, Z”:
ST )
and * ‘cos(¢, )=
ST lr2 -

— Al

cos(;)= 1z

n

Al
+Z

2.3.11)

Now that the view factor is known; the. power radiated to dA,, from dVe can be

obtained from (2.3.2):

_ x0T, dv,

&gy =——= [cos(;)-cos(0, )40, (23.12)

The amount radiated to dA,, from a volume "toroid" located at r =r. and z'= z, is

calculated by substituting dV, = redr.dz.d6, into (2.3.12) and integrating 6, from 0 to 27:

4 2% .
d2q,, (i, j) = <L r;dredze { | [cos(¢1)7cos(¢2)]dee}dew (2.3.13)
0

where the i,j indices correspond to the re,z. location of the toroid. The radiation from the
i,j toroid to the differential wall strip circumscribing. 27 is found by intc;grating (2.3.13)
from 8,, = 0 to 2. However, due to axisymmetry, the contribution of the toroid to the
wall strip is constant for all 8y, Therefore, 8, can be fixed to an arbitrary value (11_:/2 for

convenience), and the 6y, integration gives:

2n
dq, (i, ) = 2%0T, *rdrdz, - [[cos(6;)—cos(; k0, (23.14)
0 o

'Finally, the total radiation to the wall strip from the emitting control volume is calculated

\
J
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by summing (2.3.14) over all i,j toroids:
jeelsicels
aw = 2, 2, dqy () 2.3.15)
= i=t

Once the radiation intercepted by dAy, is known, the mass flow rate ablated from

the propellant surface can be determined:

M,y = :qw (2.3.16)
hy

where o is the absorptivity of the solid teflon surface, and hg, is the specific enthalpy
change required to ablate the propellant material and convert the products to their
gaseous form. Given the mass flow ablated, the velocity at which the propellant leaves

the solid surface can be calculated from the following expression:

M,
vy =—=—al 2.3.17)
" m—~pabldAw .

where pqp is the density of the propellant material in the ablated state, and dAw is equal
to 2mrydly (dly is the differential length of the wall strip). The velocity, vy, is normal to

the surface and is directed towards the centerline of the thruster (opposite the fi,, vector
in Figure 2.3.1). The corresponding velocity components are:

Vy ==V, cos(\uw )
(2.3.18)

vV, =V, sin( w)

2.4 Plasma Thermodynamic Theory

The experiments that are simulated in this study contained plasma flows

consisting of Teflon or a mixture of 39% Teflon from the propellant and 61% copper
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from tiie ‘cathode. To eiriiulaie these e)iperiments using MACH2, tables of
therrilodynamic data must fiist be geherated over desired densityl de temperature ranges.
These tables consist of celculated pressilres, melecular weights, internal energies,
constant voli1me epecific heats, and electren mole fractiqns at temperatures ranging from
500 to 100,060 K alid densities oi 1.0e-07 to 10 kg/m®. Throughout this study, the
plasma is asusur_ned to‘be thermally pei'fect and in a‘ sf;lte of local thermodynainic
equilibrium.

- At low temperatures, molecular as.well as atomic specieé may- be present.
* Therefore, the NASA‘Lewis Research Centeff‘s cemputer program 'CE:A (Chemical
Equilibrium with Ap‘plications)- [20] is used to evaluate the plasma thermodynamic
properties froni 500 K to 6000 K. This code has beeli extensiVely qsed over this
temperature rariée in a variety of prebleriis.' However, running CEA with only copper as
an input and eomparing the results to a pre)iioils NASA study‘[21] show that CEA
severely overpredicts the ionization of copper.: Therefore, the effects of ionization are not
inchided in the results obtained frqni CEA. Also, when solid and liquid species are
aliowed in the computations, severe '“I.IOiS(?”: is observed in the mqlee_uier weights at low
iemperatufes, aiid the values of moleeglzir \.Jv.’eig‘:ht and iinterriall e’ner'gyere inconsistent
with those expected at the high temI;eiatﬁie hmit vx;heie‘ zitoiriic epecies fa-r‘e dominant (due
io dissociation). Hence, selid and- 1iquid epeeies aie aise removeci froin ilie» CEA
caleulations.

For the higher temperatures raliging from abeut 3000 K to 100,000 K, only

atomic species of C, F,. and Cu and their corresponding ions are eonsiciered. The
equilibrium mole fractieqs for the plasma constitlients are obtaineci by iterating the Saha
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equation (see section 2.4.2). These mole fractions, along with the calculated partition
functions, are then used to determine the thermodynamic quantities of interest.

The energy level and degeneracy data used in the partition function computations
originated from the NIST Database for Atomic Spectroscopy [22]. The carbon and -
fluorine levels originated from version 1.0 of Database 61 while the copper data was
extracted from version 1.2 of Database 78. After tflése data files were compiled, the
author noticed that version 2.0 of Databa;;.78 existed at http://physics.nist.gov/cgi-
bin/AtData/main_asd and contained levels for C, F, and Cu.

For each density, the CEA and Saha results are blended together using cubic
polynomials over suitable temperature ranges. A different blen\ding region is used for
each density and is determined by trial and error to achieve the smoothest transition from
the low temperature results to the high temperature values. From 500 K up to where the

blending begins, the properties are set equal to the CEA output. Above the blending

region, the Saha results are assigned to the properties.

2.4.1 NASA Equilibrium Code
As stated above, the NASA Equilibrium Code (CEA) is used in the thermo-
dynamic computations over the range of lower temperatures due to the code’s ability to

calculate thermodynamic properties for molecular as well as atomic species. CEA is run

up to 6000 K, which is the cut-off temperature for most of the code’s tabulated data.
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2.4.2 Saha Theory

The first step in predicting the theﬁnodynanﬁc properties of a plasma is to
calculate the number densities of all the atqmic species and the éorresponding ions in the
mixtufe. To facilitate the analysis, the plasma is assumed to be thermally perfect and in a
'stat'e of local therrn;)cllynamic equilibrium (LTE). In an LTE plasma, energy level
populations and particle velocities conform to their equilibrium (Maxwell-Boltzﬁann)
distributions. However, radiation energy densities are not requirea to reach blackbody
values [23]. Also, as mentioned earlier, only atomic/ionic species are considered.

Assuming LTE, Maxwell-Boltzmann statistics can be used to relate the number
density ;)f a z-times ionized atom to that of a (z’élj-tjmes ionized atom at a partic'ula‘r
témperatﬁre and densiﬁy. This results in the following expression. known as the Saha

equation [24j:

’ 3 ,
Moz _ 2, .(z’m‘ekT)A.exP[‘ Ewa'z_l_Asz] 2.4.1)

N, NeQapq b3 KT

where n. is the electron number density, and n, , represents the number density of the z-

times ionized atomic species, denoted by “a”. E_, _  is the ionization energy of the

a,z-1
corresponding (z-1) ion relative to its ground state. Q, , is the internal, electronic

partition function (only atomic species are considered) and is given by:
: E,
Quz =, 8j€Xp| —— 2.4.2)

- E; is the energy level of an excited state j relative to the ground state for the ion, and g; is

the corresponding degeneracy of that level. The summation is carried out only up to the
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lowered ionization potential (see below). Electric microfields in the plasma broaden the
excited energy levels resulting in overlapping of the upper states. Therefore, the effective
ionization energy is lowered to remove the upper level degeneracy. The Debye-Huckel

[25] theory gives a correction of :

n
z'e?

AE =
4meopp

®Z

(2.4.3)

where z’ is equal to 0 for nonionized atoms, 1 for sihgle-charged ions, 2 for double-

charged ions, etc., and pp represents the Debye length [26]:

o

[ .eokT

\l ez[ne +§§z%a,z]

(2.4.4)

Pp =

'

Along with (2.4.1), the number density calculations must satisfy the conservation of

\

mass:

g = Zna,z (24.5)
z

which states that the total number density for chemical species a must be equal to the sum
_ of the ion number densities (including the nonionized state) for that species.

Equations (2.4.1) and (2.4.5) reprééent a linear systém that can be solved for the
unknown number densities, n,,. However, the system is largely dependent on the
electron number density, not only in the Saha equation but in the ionization potential
lowering as well (see equations. (2.4.3) and (2.4.4)). Therefore, one must guess a value
for n., calculate the number densities for all species, and then check if n satisfies the

conservation of charge according to: =~
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| ne=22z'-na;z . (24.6)
o a z

The electron number density must be iterated until the guessed and calculated values.
coincide. The secant method [27] is an excellent iterative technique that converges fora
wide range of guessed values of n.. For this study, the criterion of convergence
(fractional difference between guessed gnd calculatlek'i 'vvaluc;s) 1s sc‘t at i.Oe_-lO.

Note that to solve the above problf‘:lr“n; thQ t“(‘)tzllhl.r;_umber densities for each spécies,
n,, in equation (2.4.5) Iﬁust be known énd aré re(iﬁiféd 'to be co'ﬁsistent with the guqssed
electron number densjty and prow}ided plasma mass depsity. ;I‘his can be accomplished by

manipulating the following expression for density:

_n-MW.

. 247
Nav - ( )
where n is the totalinumber.density and Nav represents Avogéldro’s number in
particles/kmol. The average molecular weight (kg/kmol) is given by:
MW =y MW, + ) y,MW, (2.4.8)
a
where:
MW, = Nav-m, ‘ 2.49)
and
Ye =E£, Ya =2 ‘ (2.4.10)
n n ,

, the relative amount of a

. .0
Given initial mole fractions for the species of interest, yg = —3
) n

particular species, a, to any of the other species (e.g. species 1) is known:
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Here, the assumption is made that the relative amounts of the atomic species remain
constant. Substituting (2.4.8) —(2.4.11) into (2.4.7) results in the following relation for
chemical species 1:

Nav(p -n,m,)

n, =- _ ' (2.4.12)
# of species y0 .
MW, + f 22 MW,
’ a=2 Ay

Note that the denominator in (2.4.12) is constant. Therefore, for a fixed density, n;

‘,depends only on n. during the itéra_tion. Once n, is determined, the other total species

.hurhber densities are calculated from (2.4.11).

With the Saha iteration complete, the themodynamic properties can now be
deterﬁﬁned from the calculated number densities of the plasma constituents. Since the
plasma is assu.mled to be thermally perfect, £he pressure is given by:

p=nkT = (2.4.13)
where the total number density is equal to':: = |
n=ng+ Z‘Z:ﬁa‘,z' S (2:4.14)
a z o

The average molecular weight is calculated from (2.4.7).
The partition function, Q,, is a critical pa‘ramete; in the calculation of the
thermodynamic properties of an LTE plasma. Maxwell-Boltzmann statistics predict that

the molar internal energy of a plasma component is related to its internal partition

function by the following equation [28]:
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: ‘ . RT2(9 \ ozl ‘
i,, = 3pr+ XL tQa'Z +Y E.. . (2.4.15)
T2 ' Qa!z " dT k=1 Wk ‘

WIrere R is the universai gas constarlt. The first term in (2.4.15) represents tIre
translational errergy while the second corresponds to the energy' of the internal electronic
rrrodes. The last term m (2.4. 15) must be included because E; is_the energy relative to the
ground state of iorl z; n(?t to the ground state of the un—iorrized. atom. -S.ince the Saha

' iteratien schern.‘e'is performed at eonstant density over the temperature range, an '
analytical expressron for the derrvatlve of the partltlon function with respect to

temperature may be obtamed easrly (Sontagg, pp 174-175):

iy, R[2 Qaz]+2E (2.4.16)

=]

where, for convenience, Q, is defined as:

, d a,z E; o
Q=T [Q ] zgj(kT] [ E%] BECYSY)
, p )

Once the i, ,'s are known for all the plasma constituents, the internal energy of the -

~ mixture is simply the sum of the products of the component energies and the respective

mole fractions: B ‘
) = ZZ Yaz - ﬁ‘a,i - : (2'4'18).
a Zz X ] ) ‘ ‘

Dividing by the aVerage plasrna rnolelcularvweight, calculated frorrr (2.4.7), gives the
specific internal energy, u, in units ofiJ/kg. - |

The constant volume sr)ecific heat is andther useful the.rr’n_odynamic' property and |
is calculated by taking the partial derivati?e of AU’.’ wrth reapeet ’to'te‘mperature at constant -
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density:

du |
C =| — : e
v [aT )p 2.4.19)

Again, since the Saha iteration scheme is performed at constant density over the
temperature range, the corresponding u's can be numerically differentiated without the

use of any Maxwell relations. The derivatives are evaluated in the following manner:

FOI‘T =Tmm = Cv(T)= u(T+dT)_u(T)

. dT
ForT =Tmax - -cv(r)=20- Z&T = (2.4.20)
ForT. <T<T.. = Cv(I)= u(T+dng—Tu(T—dT) |

Note, a numerical derivative is required here since the derivative of (2.4.18) contains
terms involving the mole fractions as well as the partition functions. Therefore, unlike

the procedure used to obtain (2.4.16), this cannot be done in analytic form.

2.4.3 Blending Method

The CEA and Saha generated results are blended together using cubic
polynomials over a suitable temperature blending range. At each density, a blending
region is chosen by trial and error to produce a smooth transition from the low
temperature data 'to the high temperature values. The polynomial coefficients are
calculated to match the endpoint values and slopes for each thermodynamic property. A
different blending region is used for the electron mole fraction blending. In this study, y.

is blended from zero (and zero slope) at a chosen low temperature to the initial value in
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\

the Saha data. The lower temperature is selected such that no overshooting occurs in the

blending near the Saha vahie.

2.5 Numerical Scheine MACH2

v

The goveming equations described above are 1ntegrated us1ng MACH2 MACH2

_isa multrdrmensronal Cartesran or ax1symmetr1c finrte volume trme dependent general

~purpose MHD solver. All important aspects of this code, 1nc1ud1ng theory and operation,

are described in detail in references [7] and [17].

When advanciné the time computations, MACHZ splits the time step into
substeps corresponding to important physical processes. Also, some of these properties E
are differenced implicitly with respect to time while the o_thers are explicitly differenced. -
Thermal and equilibrium radiationdiffusion, along with resistive diffiision and
Lagrangian hydrodynamics, are implicitly differenced with respect to time. The Hall -
effect and convective transport processes are solved with explicit differencing. This

time-splitting procedure relaxes the small time step requirement that is prominent in

. fully-explicit solvers.

Boundary conditions in MACHZ are applied explicitly to ghost cells outside the
cornputational domain of interest. This allows the solver to integrate the same governing
equations up to and including the system boundaries. ‘Without the ghost cell technique,
special relations and iterative techniques would be required along the edges of the
computational domain.

~ The computational region generated by MACH2 is decomposed into a set of

' logically rectanglilar blocks (arrays) that are patched together to a form a problem
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domain that is discretized into. hexahedral cells that form thjc‘ computational grid. This

grid is of the Arbitrary Lagrangian Eulerian (ALE) variety. A purély Eulerian grid is at

rest in the laboratory frame, while a Lagrangian grid moves with the plasma flow. The
Arbitrary grid moves with respect to the laboratory and fluid frames. This adaptive mesh
generétion optimizes smoothness, ortljpgdrié;lity, and the déviatiOI; from desired mesh
concentrations.’ | ‘

Another irilportant aspéct of the MACH?2 code is the use of Cray FORTRAN -77>
pointers. This allo&s <the‘ dynafnic allqéaﬁon of memory at run time, which lowers the
amount of computer gystem memory _reqﬁired torun a simulation. Also, sources of
magnétic flux for the MHD simulations can be included in the form of currents produced

by applied: external circuits.

29



| 3. PLASMA THERMODYNAMIC RESULTS

3.1 CEA Resultsv

The CEA cé)de described in sections 2.4 and 2.4.1 is used to calculate plasma
thermodynamic properties at low temperatures. Two plasma mixtures are considered in
this study: one with only Teﬂ(;n, and theag.ther with a mixture;f 39% Teflon and 61%
copper (by mass). In the CEA comp1:1_tations, the terr;perature\is varied frém 500 to 6000
K at increments of 10 K. The resulting pressure, molecular \Iveight, internal energy, apd
constant voiume sp’ecifié heat»variations with tempé;ature for both.cases are plotted in

- Figures 3.1.1-3.14 for dénsity of 1.0e-07 kg/rrP. Distribu.tions for 10 kg/m? are given

in Figu;es 3.1.5 f‘3.1.8'.” Only the resﬁlts for the two densities are displayed, ‘.since this
adequately illustrates the overall characteristics of the thermodyrlamic calculations. The
step-like patterns in the pressur‘e, ﬁolecular wefght, and internal energy curves at the
lower denéity show the stages of fnolecular disséciation that occur as the temf)erature is
increased. These characteristics are lyess‘ eéi}dent:atv,tlllge higﬂe‘r ciensity due to the
requirement of higher temperatures t~o a;lchi;;{;e'the éémézle;/él of’:disso"ciétior‘l. The lower
dissociation explains the higfxer moleciﬂa; ;Néiéhf at a éjvén t,empefaﬁire. Also, the
pressure and internal energ‘y‘ are lower due to fewer energetic atomic species in tﬁe
plasma. The addition of copper to the plgsma produces a higher molecular weight and,
therefore, a lower pressure (at a giveq density and tempefature) than the plasma
consisting of only Teflon. |

One important calculation that deserves special mention is a correction to the
internal energies computed by CEA. The energies in the NASA equilibriufn code are
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referenced to a standard state atp = latmand T = 298.15 K. However, the Saha iterated
energies are referenced to zero at T =0K. Therefore, to maintain a consistent basis, tlie
amount of energy required to dissociate the Teflon at the standard state and cool the
products (C,F, and Ctl) to 0 K is added to the CEA internal energies. The corresponding '
energy correction, divided by the universal gas constant, is 2058 kmol'K/kg for the

Teflon plasma and 1185 kmol'K/kg for the Teflon-copper mixture.

3.2~ Saha Results

For the higher te‘rnperatu'res considered in this study, the plasrna properties are
' calculated using the method outlined in section 2.4.2. This procedure reqlrires the initial
mole fractions of the plasma constituents. A mass ratio of 39% Teflon and 61% copper

: . :
translates into mole fractions of 0.2364 carbon, 0.4727 fluorine, and 0.2909 copper,
which are input into .the Saha iteration. For the Teflon only case, the ratio of ﬂliorine to
carbon atoms is 2 to 1, resulting in mole fractions of 0.3333 for carbon and 0.6667 for
fluorine. Only atomic species and their first 4 ions are considered (C‘ throﬁgh C++++4),
a-nd'spectroscopic notation is adopted sich tliat C1 'corresponds to ‘C; -C2 represents C+,
etc. The Saha generated therm&iynamic results are evaluated from 3060 to 100,000 K at
increments of 10 K. - |

The mole fraction variations with temperature for the considered densities are
given in Figures 3.2:1 — 3.2.12, while the thermodynamic properties are plotted in Figures
3.2.13 - 3.2.20. The rnajor difierences in the results for the two densities are similar to
those descrii)ed above for the CEA outptlt. Howeyver, at the low density, the plas'ma
reaches the rnaximum*allowe-d ionization before 66,000 K. Atthe hi gher density, the
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| plasma never reaches the fully ionized state, resulting in higher molecular weights and
lower pressures and intemal energies due to fewer highly energetic electrons (and ions) in 1
the plasma. Figures 3.2.6 and 3.2.12 show the effect of add1ng copper 1nto the plasma.
Due to the lower 1on1zat10n potential of copper more e1ectrons are liberated in the
Teﬂon-copper mixture at a g1ven density and temperature unt1_1 the 1on1zat10n limit is
reached. -

" Note the severe noi'se in the Cv calculatior;s,, especially at the higher density. The
Vpartition function variations with temperature 'contain discrete jumps caused by the
lowering of the ionization p.otential. This directly translates irrto jurhps in thle internal
-energies (see ecjuatioh 24 16) that,‘ in turn; create spikes in the numerical derivatives in
(2.4.20). These spikes represent ‘unreasonabte changes in internal energy for small
temperature differer'lces and can create numericaldifficulties >while running MACH?2.
Therefore, the Cv data must be filtered to provide smooth interpolations between
temperatures (or interhal energies). A

| The best solution found to‘ reduce the Cv noise is the use of a (1 1 )-fold trimmed

mean f11ter [29] First, the internal energy data is run through the filter. Then, Cvis -
calculated accordmg to'(2.4. 20) Fmally, the resultmg Cv data is also run through the
f11ter .The smoothed Cv curves are shown in Figures 3 2.21 and 3.2.22. For the low
density Teflon plasma, the internal energy- data i is run throughan 81-pomt filter, and then
the correspOndin‘g Cv data is run twice through the same filter. The Teﬂon-'copper |
" plasma data is processed in a similar manner, except thatla 21-point filter ils’used. For the
‘high density ptasmas (both cases), the internal energy data is passed through a lOl;poirrt
filter, and the Cv data is run through the filter 3‘times. Additional smoothirrg is required
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for the higher density plasmas. When necessary, the temperature range is broken into -
segments, and cubic polynomials are then fit through the Cv.data over each ‘segment,
matching the values and slopes at the segment endpoints. 690-point segments are used at

the highest density for both cases.

3.3 Blending Results :

The blending method described in section 2.4.3 is used to combine the low and
high temperature thermodynamic data, providing a smeoth transition between the two
regions. The blendiné temperature range'i; minirrﬁzed to ntaintatn as much physics as |
possit)le between the Jow-temperature CEA results and the high-temperature Saha-
calculations. To aid in this effort, the CEA an.d Saha results for Cv/Rug (Rug is the -
universal gas constant) at the intermetiiate tempefatures are shown in Figures 3.3.1-3.3 4.
Figures‘ 3.3.1-2 give the results t’or the Teflon-only plasmq at densities of 1.0e-07 kg/m®
and 10 k’g/m3, respectively, while Figures 3.3.3;4 show the Teﬂon-eepper plasma
variations. | |

In the low den51ty CEA results, the Teflon-only gas fully- d1s5001ates into its
atomic constituents around 3200 K Th1s explains the excellant agreement between the
CEA and Saha results at thlS temper‘ature,_' since the Saha calculatlons at the lower
temperatures start with a fully-dissoeiated, un-ionized gt1s. Tﬁe lovst density results for
the Teflon-copper plasma also show good agreemetlt but do not rtiatch as well as the
Teﬂdn—only calculations. In this ce.se, dissociation occurs at a higher temperature than in
the Teflon- only gas. Also, ionization occurs at lower temperatures (see Flgure 3.2.6) due
to the eas11y 1omzed copper. This explams the slight dlfference between the CEA and
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Saha results at the intermediate temperatures.
The high deﬁsity results represent the worst cases in blending the CEA and Saha
calculations together. At this density, the Teflon-only and Teﬂon-copper gases are not

fully-dissociated at 6000 K. Therefore, the results are blended from the CEA values

R . close to the 6000 K limit to theI'Saha values corresponding to the temperatures at which

dissociation is expected to be complete. This is the best approximation that can be made

to determine the thermodynamic variables over the intermediate temperatures at the

higher densities using the above-stated blending method; the CEA code does not contain

the specie-data required to predict the dissociation of molecular species involving carbon,

. fluorine, and copper above temperatures of 6000 K

The blended CEA and Saha thermodynarhic properties at the low density are

~shown in Figures 3.3.5 —’3.3.9, and the high density results are shown in Figures 3.3.11 -

_ 3.3.14. For the low density, the blending range selected for the Teflon plasma is 3300 K

to 3500 K, while 2900 K to 3200 K is chosen for the Teflon-copper mixture. At this low
density, the CEA and Saha results nearly coincide at an intermediate temperature (3400 K
for Teflon and 3000 K for Teflon-copper), allowing a smal]_ blending region. Minimizing
the blending range is desired to maintain the physics displayed in the ciata. Since no
ionization occurs in the CEA runs, the eleé&dn r_nole fractions are blended from zero ata
selected low tefnp_epatﬁre to the values given at the loquf temperature in theSaha results.
For the Teﬂonl plaém;l! the electrbn mqle fractif)‘n blchding range is 2000 K to 2200 K,
and the Teflon and copper nﬁxturé raﬁge is 1120 K to 1200 K. .

More care must be exhibited in blending the high density data. Due t:o ‘incomplete
dissociation in the CEA ‘output~, the CEA and Saha results do not match at intermediate
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temperatures as well as in the low density case. Therefore, one must choose the upper
limit of the hle'nding to' coincide with the point at which dlssociation is expected to be
complete, so that only atomic species are present in the output (cons1stent with the Saha
results). The selected blendmg ranges of 5400 K to 9000 K for the Teflon plasma and
5900 to 10000 K for the Teflon-copper plasma allow smooth trans1t1ons w1thout large
overshoots in Cv close to the blending endpomts The electron mole fract1ons are
blended from 2740 K to 3000 K in the Teflon plasma and from 2600 K to 3000 K in the

Teflon and copper mixture.
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- 4. APPLICATION OF MACH2 TO THRUSTER GEOMETRIES

i1 UTSI Cablegun

| In conjunctién with the numerical simulations of the cablegun, experimental \work
was also performed at U'i‘SI fo_ investigate the use of cableguns in plasma opening
switches [30]. A two-beam, HeNe laser interfefometer was used to méasure electron
number densitieg at the beam locations .of 2.5 cm and 5.0 cm from the nozzle exit.‘ This
data was then used to deferrnine the plasma velocities between the two beam locations.

A cablegun is operated by discharging the voltage stored in a_'capacitor across a
solid propellantl insﬁlating two electrodes. This results in a dielectric breakdown between
the electrodes, and fhe current discharge éblates the propellant and ionizes the gas, which

_is then éxpandeﬂ out the nozzle. Figure 4.1.1 shows a cutaway section of the UTSI
céblegun after 300 shots (capaéitor cilarged' to 25 kV). Both the anode and cathode are .
copper. The dashed lines denote the physical boundaries prior to operation, while the
solid lines show the eroded boundaries after 300 shots. A total mass loss of 83 mg from .
thexc'ablegun was calculated by weighing the devicé before and after the 300 shots. This
gives an averaée atv)lated\rr‘lass of 2.7e-07 kg per éhot. As seen in the figure, the cathode

. is heavily eroded. ’The plasfné constituents i‘n the exhaust are determined by measuring
the eroded volﬁmes of the’ cathode aﬁd Tqﬂon insulator. The reSulting plasma contains
68% Teflon and 32% copper by volume or 39% Teflon and 61% copper by mass.

To investigate the cablegun performance without the c:)pper in £he plasma,
another device vyés operated with a tungsten cathode;, ‘which has the same thickness as the |
copper. cathode but has a flat end insjtéad of the sharp cone. After 300 shots, no
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Table 4.1.1: Number of Grid Cells per Block in Cablegun Simulations

Block # # Cells in x-direction # Cells in z-direction
1 16 48
2 16 4
3 16 48
4 16 48
5 16 32
6 16 32
7 16 10
8 16 10
9, 16 16
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-The initial temperature in the entire compufational domgin is set to 0.025 eV, and

the initial density is 3.2e-07 kg/m3. The c;;Blegun simulgtions c.onSistir}g of iny Teflon

' plésma are run for 15 psec, Whiie the simplatio#s:usir;g 39% Teﬂof} ;ﬁd 61% C1v1“r1.1n for
12 psec. This provides ample time for the;’a:bl-éted‘ mass 'to exit the thﬁster: 'f‘hg
experimgnfal circuit driving the cablegun is simﬁléted witii thel RLC (resist<.)r-’vir.1ductor—
capacitor) model in MACH?2. In the experimental operation of the thruster, an initial
voltag‘e‘ovf'-25 kV discharges across a 0.‘629 WF capacitor. The modeled circuit resistance
and inductance are 0.24 Q and 4.0e-07 H, respectively. The current histories calculated

- by MACH2 for the two plasmas are compared to the experiméntal profile in Figure 4.1.4.
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@ C \ |
& ) \ 7R
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5 5000 EA . g
E -10000 F ‘ — .
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. Time (s)

Figure 4.1.4: Modeled Current History in Cablegun Simulations “
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A

- To accurately simulate the cableéu'n piaéfria using MACH?2, two pa:rameters are ..
varied to adjust the mass of the ablated propellant and the velocity between the 2.5 cm

/

and 5.0 cm locations. .Th'tlalsim’ulations tend to over-est.imafe the temperature, which
.d‘rives the plasma to unrealistic \I/elocities. The‘ plasmﬁ absorption coefficient, x -
(diséusséd in section 2.3), is varied to control the radiation loss from each cell} which |
controls the cell t_erﬁperature via the conservation of eﬁergy. Thergfofe, this indirectly
controls the plasma velocify and directly effects the {adiétion to the wall and, hence, the
amount of propellant that is ablated. The radiation to the wall is calculated using the
elements in block 1 ‘only. For simplicity in the Teflon-copper simulations, t.he copper is .
input along with the Teflon from the side wall. The propellaht absorptivity, o, is used to
provide the correct ablated mass. for the chosen value of k. MACH2 actually uses an
absorption coefficient, dengted "fox", that isl proportional to the plasma density of ihe
emitting cell. This ad-hoc correction is based on the argument th'at' the emission is

proportional to the density of the radiating plasmia.

Several simulations are performed with various values of "fox" and o and with

. thermal diffusion and the Hall current turned off. Figurés 4.1.5 and 4.1.6 show the

effects of increasing "fox" on the line integrals of electron density at the 2.5 cm and 5.0
cm locations, respective]y, for the Teﬂpn plasma. Figures 4.1.;7 and 4.1.8 show tﬁe
resqlts for the Teﬂoﬁ—co‘ppér rni‘xture. Also includeci are 'the'experimental data obtained
by Smith, Keefer, and Wﬁght [30]. No error bars are given since the uncertainties are
very small comi?are'd to the measured interferometer phase shifts t3 11. Although the

. /
simulations do not agree quantitatively with the experimental interferometer data over the
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entire run time, they do show similar qualitative behavior, especially between the first
three peaks. Surprising is the magnitude of the second experimental peak compared to
the first. The second peak in the simulations may be lower due to the ionization
limitation of 4 set in the equation of state tables, or the computational domain may not
big enough at the 2.5 cm beam location (however, this seems unlikely). As seen in the
figures, increasing "fox" delays the rise time of the peaks. This is expected, since
increasing "fox" also increases the radiation output from each grid cell, which reduces the
temperature and , therefore, reduces the velocity of the plasma. Note that the inclusion of
copper slows the plasma due to the higher molecular weight. Figure 4.1.9 shows the
dependence of the propellant absorptivity (o) on "fox" that is required to maintain the
observed mass loss for both plasmas. For most of the "fox" values used in the
simulations, tpe corresponding o!'s are lower for Téﬂon than for the plasma containing
39% Teflon and 61% copper. Lower veléc?ities and electron temperatures exist in the
Teflon-copper simulations. Therefore, the radiation to the wall is lower, requiring an
increased value of o, to obtain the required ablated mass. The slopes of the lines in
Figure 4.1.9 are approximately equalxwi_th the‘;l.‘_cﬂon-only o's show'ing'a slightly smaller
depéndence on "fox"., |

Using the procedure mentioned abo;/e f:or determining the plasma velocities from
the interferometer data, the experimental velocities are calculated to be 30,440 m/s aﬁd
25,600 m/s for the Teflon and Teflon-copper plasmas, respectively. The simulated
plasma velocities for the two mixtures are shown in Figure 4.1.10 for the range of "fox"

values. At the lower values of "fox", the simulated velocities are over-predicted. "fox"
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must be increased to 1600 for the experimental and simulated velocities to coincide.
Figilres 4.1.11 and 4.1.12 show the temperature (in eV) and density (in kg/m3)

contours fdr the two cableguns at."fox" = 1600. Tﬁe plasma temperature in the cablegun
with the cop'p»er cathode ranges from 2.’.’; ;/ at the exit to above 7 eV at the base. The 7,
8, and 9 contour levgls fall within the expected experimental temperature range of 2.2 to
2.8 eV (discussed in Chapter 5). The simulated tempcratﬁrcs in the Teflon-only case are
higher, ranging from around 3.4 eV at the exit to abovq 7 eV at the cathode. The higher
temperature in the tungsten cathode shot agrees with the higher velocities observed
experimentally. V;elocify streamlines are disialayed in Figure 4.1.13 and show the plasma
coming off the sidewall and then expanding out the nozzle exit. Part (a) of the figure
shows the plasma moving away from the propellant surface. The closc-grouping of .
streamlines represents the edge of the plasma jet. 'I‘hcreforg, the Teflon-copper plasma
has not expanded as much as the Teflon-only plasma shown in part (b). This is suppdrtcd
by the density contours (kg/m®) in Figure 4.1.12. The highcr'r'nolccullar weight of the
Teflon-copper mixture results in the grouping of the strc:amlines lines close to the wall,
which represents the higher density, slower moving material. The density is' also higher
due to the smaller base of the copper cathode.

| Of special interest is the t(;tal impulse that the cableguns produce. ‘The thrust
" output of the cableguns during a sﬁot can be calculated by taking a control volume that

coincides with the inner surface of the nozzle and base and surrounds the thruster.

Assuming that the ambient pressure is much less than the pressure exertéd on the nozzle
- and cathode surface, the thrust in the axial (or k) direction at a particular time is given

by: . _ " “'
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Fp = Hﬁ(ﬁ-ﬁdA)+ [[olk-aaa)+ J.J.i)(ﬁ;ﬁdA) [[[GxB)-kav @1y

anode " teflon cathode contained
plasma

where the elecfromagnetic force on the external circuit is assumed to be equal to the

| electromagnetic force exerted on the plasma contained-in thé thruster. Integrating the
thrust over the shot duration produces the desired value of impulse. Using this technique
results in the thruster impulses shown in Figures 4.1.14—15 (for "fox" = 1600). The
cablegun with the fungsten cathode produces a totai impulse of 6.89¢-04 Noes. Dividihg
by the total wéight of proi)ellant expelled_t:rom the thruster gives an average specific
impulse of 1254 s. The cablegun with‘the c‘opper cathode produces a much higher

impulse of 1.84-03 Nos but operates at a lower specific impulse of 695 s; the addition of

copper results in a much fhi-gher weight of propellant that is lost.
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Two physical processes accelerate the plasma in the thrusters: electromagnetic

forces exerted on the plasma by the external circuit and the remaining electrothermal (or
gas-dynamic) acceleration. The —jx Bterm in equation (4.1.1) represents the electro-
magnetic contribution to the thrust, while the pressure forces give the force resulting from

the electrothermal expansion of the plasma. The —jx B contribution to the total impulse is
9.75e-05 Nes for the Teflon-only thruster and 1.41e-04 Nes for the Teflon-copper
cablégun. Therefore, 14.2% of the impulse of the Teflon-only thruste; is electro-
magnetic, and the electromaénetic contribution is only 7.7% in the cablegun containing
39% Teflon and 61% cdl;per. During the early portions of the shots, the simulations
show a low density, high velocity plasma jet exiting the thrusters. As seen in Figures
4.1.16 and 4.1.17, the electromagnetic fractions of th;a total thrust are higher during the
early operation of the devices. This explains tile high velocities achieved by the initial

plasma pulse.

4.2 PPT-4
The PPT-4 thruster operates in a similar manner to the cablegun. In this device,
the capacitor is rated at 8.0 UF and is charged to 1.5 kV. Figure 4.2.1 shows the
. computational domain, which is separateci‘into 4 blocks. The electrodes are located at the
base of block'1 and the side wall in block 3. The Teflon is located along the side wall in
block 1, and the upﬁer edge of block 3 represents the thruster exit. Blocks 4 and S-are
designed such that the upper edges are locatgd at 2.5 cm and 5.0 cm, respectively, to

vprovide velocity calculations consistent with the method used in the cablegun analysis.
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The PPT-4 grid is set up accordfng to Table 4.2.1, and a portion of the grid at the
interface of blocks 1 and 2 is shown in Figure 4.2.2.

The initial temperature and density in the computational domain are set to the
same values used in the cablegun simulations. The PPT-4 simulations are run for 150
Jsec to provide sufficient time for the piasma to exit the thruster. The longer runtime is

required due to the much larger size of PPT-4 compared to the cableguns. A first

approximation to the initial resistance and inductance input into the MACH2 RLC circuit
model are 4.90e-05 Q and 1.95e-07 H, respectively. After 3.25 usec, the capacitance is
set to 1.0e+25, the resistance is sét to 0.13 Q, the inductance is set to 1.95e-07 H, and the

voltage is set to 0.0. This effectively shorts the capacitor and simulates the diode in the
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Table 4.2.1: Number of Grid Cells per Block in PPT-4 Simulations
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Figure 4.2.2: Computational Grid Used in the PPT-4 Simulations
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experimental dperation of the device [16]. The chrrént history calculated by MACH2 -
during the PPT-4 simulation is shown in Figure 4.2.3. The currents achieved in the
simulation are much less than the experimental values given in [16], wlﬁch is

approximated by the hand-drawﬁ dashed line. Several attempts were made to increase

the current by changing the resistance and .inductanée of the external RLC circuit, but IilO‘ .

combination of R and L f)roved suc;:essfuli' The éurfeﬁt deficit is believed to"be caused .
by an over—prediction (by MACHZ) of the voltage betwéen the thruéter el;ctrpdes. Tflé
error is less significént\'in thé cablegun siﬁﬁlatiqns, because the calculated port voltage
represents only a small pércenté.gebf the initiai v;)ltage (25 kV) across the capacitor. The

results are nevertheless presented, but a possible solution is recommended later in

Chapter 6.
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Figure 4.2.3: Modeled Current History in PPT-4 Simulations
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The ablated mass per shot for the given 9 J of ené,rgy stored in the capacitor is ’

* 3.96e-08 kg [16]. For a basis of-comparisoil to the qabicgun operation, line integrals of
. electron number density are calculated at 2.5 cm and 5.0 cm from the thruster exit for a

- simulation with "fox" set to 1600. The correépqnding propellant abSorptiVity required to

give the correct ablated mass is 0.0136, which falls between the cablegun values at that
"fox" setting. ‘Figures 4.2.4 and 4.2.5 show the electron number density line integrals for

this simulation over the entire shot and at the beginning of the pulse, respectively. As

- seen in the figures, an initial low density plasma jet exits the thruster between 1 and 8 pis

(during thé current dischmée), which is fqlloWe& by a slowér moving higher density
plasrria over the remainder of the shot. Using the same métho'd as used in the cablegun
simulaﬁons to estimate the plasr;la velocity: betyyet;n thé 2.5 and 5.0 cm locations, the
veiocity is 34,341 m/s for the initial plasma dischglrge and 4950 m/s for the high density
plasma.

—The impulse calculéti(;ns for the PPT-4 simulation are shown in Figures 4.2.6-7. -
The total impulse produced by the PPT-4 thruster over the entire shot is 2.03¢-04 Nes.
The eIéctrothermal and electromagnetic contributions are 1.95¢-04 Nes aﬁd 7.73e-06 Nes,
respectively. This‘ correéponds to an electror.nagnét‘ic contribution -of 3.8% to the total
impulse. This vﬂue is much lower than the 11% predicted in [16]. The small effect of
electr(;magnetic éortion of the -totalkimpulse is due to the very low density (and small
fnass) of £he plasma that this mechanism accelerates. The bulk of the plasma is joule-
heated and. fémains in the lower section of the thruster for a léngth of time much greater
than the current pulse. This higher density plasma, 'whiéh produces“the méj ority of the

impulse, then themially expands out the thruster exit. The average specific impulse
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Figure 4.2.7: Simulated Impulse during early Operation of PPT-4
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. calculated l;y dividing the t(.)tal‘ 1mpu1se by the 1):’;6peilant weigﬁt loss is 521 s. This is |
-"’orilly 3.3% different fhaﬁ the specific impulse lb"aséc-i“‘on the 4950 m/s_vélocity of the'.high
density inaterial betvséeen.Z.S cm and 5.0 éfnfrom th;a tﬁmster exit. -
'Tefnperat}lre contours for the PPT-4 gifni;lations att=1ps and 25 ps are givén in
g Eigures 4.2.8 andwé}.‘2.9, fespective]y. The dens'i‘ty'c-ontou.rs ére given in Figures 4,.2.‘10 :
and 4.2.11. The times a_ré chosen such that the ea:rly 'tich:ontogrs capture the fast-
moving, low del;sit)" plasma, while the latertlme shows the ;:_lili"g_‘hér:.,derfls.i:ty,;§lqwer-
moving material. The temﬁerqtures a£ the early ti}pc aré rpuch il_ighér than those seen ét
25 us, which is cons‘istf.:nt( with the hijgher véiocitiés observed initially. As seen in tHe
density contouré, a low density plasma jet exits aiong the center-lineof the device. After
" 25 s has elapsed, »more of th~e‘higher densit)ll piasma has expandf:d through(;ut the
nozzle.h The plasma densﬁties are much lower than fhose seen in the éablegllm
simulations. This is due to the much larg; size of PPT-4.
Figure 4.2.12 shows the veloéity streamlines at 1.0 us. Part (a) of the figure
‘ sihows»a‘re-'circulation zone near the anode. This is the result of the i)uild-up of plasma in
block 1 during the early operation of the device. The flow éomiﬁg off the bottom of the
ablating Teﬂon boundary is blocked by plasma at the higher z-locations and is forced into
the vortical pattefn. The streamlines that terminate on thé anode do not -r_epresent actual
streamlines but are a consequence‘of the'zerov-velocity boundary condition set along the
anode. The right-hand side of the figure Show’s,the aboife-mentioned, clearlsl defiﬁed
. I;Iasma jet travelfng close to center-line of thrus.ter.':Figure 4.2.13 ShQWS tile streamlines

after more of the plasma has expanded through the nozzle. Again, the streamlines
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directed toward the anode are the result of plasma mass lingering in the chamber which

forces the lower material toward the anode.
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5. PRELIMINARY CABLEGUN SPECTROSCOPIC ANALYSIS |

The objective of this ch’apfer is 'to.identify the.speqieg present in the cablegun
exhaust and to estimate the temperature of the 'éjqcted plasma by analyzing spectroscopic
data taken during the experimental operation of the device. Species 6f interest include
t'hé ions of carboﬁ \and fluorine from the ’{‘Eﬂon propellant along with copper from the
cathqde.

The spectroscopic data analyzed in this study give line intensities overa -
wavelength range from 330 nm to 450 nm and correspond to a 1200 groove grating in the
spectrometer. The intensity curves over the observed waveléﬁgth range are shown in
Figures 5 l -3. Several species transition lines are labeled using iine data given in
Striganov and Svetitsi(ii [32]. To assist in the analysis, the relative ionizatidn energies
;nd observed lines are diéplayed'in Figure 5.4 along with the Boltzmann electron energy
distributions at various temperatures of interest. .

No lines are oi)sewed for elemeﬁtai carbhon\(C). Howeve;, spectral trahsitioﬁs are -
observed for'C+ and F+ (given Ibelow) at energy ievels greater than the carbon jonization
potential (E;) of 11.27 AeV. This supports the expected result tilat all tﬁe ablétéd CFZ is
broken down intb its constifuéqt elemenfs,which are then excited to their ionized states. .
A strong doubiet tfansitioil forC+ (Ei= 24.38‘eY) is obsewed at A = 426.5 nm. These
1ines are the result of a transition from 20.95 eV to 18.05 eV.' No transitions aréfqbserved
for C++ (E; = 47.9 eV). This suggests that either no C++ is ;;resent due to insufficient
énergy input into the plasma, or C++ is in fact present with transifiofls occurring in the |

- ultra-violet (UV) region. Within the experimental wavelengtﬁ range, the expected
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Figure 5.2: Spectral Data from 370-410 nm
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transition energy levels ‘(40-50 eV) for C++ are too high to be significant;‘as shown in the
_ electron energy distributions in Figure 5.4, a lower number of electrons are available at
the higher energies. However, Striganov does list spectral lines for C++ in the UV range
between energy levels similar to those observed for F+ (given beiow), which are above -

- the ionization potential of C+. Therefore, many of the C+ ions are most likely ionized to |
C++ in the plasma, and the transition. lines exist in the UV range.

No lines are observed for F (Ei = 17.4 eV). However, strong F+ transitions are . |
detected. ATherefore, most of the fluorine atoms are ronized. 'Several spectral lines are
observed for F+ (E; = 35.0 eV), most prominently at wavelengths of 351 nm, 385 nm, and
402.5 nm. AtA =351 nm, 8 lines exist that are transferrmg from 28.66 eV to 25.12 eV.

A trlplet state ex1sts at 385 nm with trans1tlons from 25. 12 eV to 21 9eV. The 402 5nm
peak represents another trlplet state from 25 75 eV to 22, 7 eV No trans1t10ns are
observed for F++ (E 62.7 eV) Due to the h1gh energy requlrement in producmg this
ion, there is probably very little or no F++ in the plasma exhaust. -

No atonnc copper (Ei =7.73 eV) lines are given in the observed spectra. C+ and
F+ transitions exist in the 20 to 30 eV range, vvhich is much greater than the 7.73 eV
ionization‘ potential of Cu. This snggests that most of the copper is ionized to Cu+ and/or
Cu++. No Cu+ (E; = 20.3 eV) lines are given in Frgures 5.1-3. However, several strong
intensity' lines of transitions between 15 and 18 eV are listed in Striganov over the r
wavelength range viewed in the experiment. Stnce we observed‘ strong C+ and F+ lines
at higher transition energies, itis likely that most of the ablated copper exists as Cu++ in
the plasma. L1ke Cu+ no Cu++ (Ei= 36 83 eV) lines are observed i in the data, but

Strlganov lists several 11nes in the ultra-v1olet region that occur between the probable
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, energy transition levels (20-30 eV). Theref:ore, Cu++ is expected to exist in the cablegun
exhaust even though no spectral lines are viewed expe‘rime‘ntally.

Another atomic species to look ror in the spectral analysis is neutral oxygen along
with the excited states (O:Ei = 13.62 eV; O+:Ei = 35.12 eV; AO++:1’31 = 54.95); Oxygen
exists in the vacuum chamber due to incohrplete evacuation of the air and also due to air

.molecules trapped in the Teflon and copper materials during their formation. No neutral

oxygen lines are observed, because the O atoms are ionized to O+. This explains the O+

lines in the data with transitions between 22 eV and 32 eV. The spectrurn data contain no - o

O++ 'Iines due to the larger energy requirements within the viewable range (33 eV - 50
eV), not to mention the 35.12 eV requlred to produce O++ from O+. However, a small
amount of O++ (compared to O+) may exist w1th spectral lines, corresponchng to

& transitionp between 23 a_nd 37 eV, falling in the UV range.

From the ablated Teﬂon and copper, only C+ and F+ show up in the observed |

spectral range. A larger number of clearlji defined F+ lines are observed compared to

C+. A possible explanation is that the F+ transitions are-occurring at higher energies than - - '

the ionization;potential of C+, and , therefore, many C+ jons may be excited to C++. In

addition, the plasma exhaust likely contains Cu++~due to the large amount of copper
ablated from the cathode during testing; the eorresponding Cu++ transitions occur within
the ‘energy ranges given for the F+ and C+ lines but are in the UV region outside the
range of oboewation Moat of. the ﬂuorine e)rists as F+, while the copper is expected to
be in the Cu++ state. All of the F, C, and Cu’ atoms (and most of the Cu+) are ex01ted to
“their higher ionic states, but not enough ener"gy is 1nput to the plasma to obta1n significant
amounts of F4+, C+++, Cut++ or hlgher energy 10ns : | | |
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The mole fractions of the plasma constituents ar.e,predi‘c‘ted by splving the Saha
’equations over a wide temperature rz‘iyng,e“z:f‘:)r: :z;n:inéér,rn‘cd.iat‘e"; d.eznsiiy of 0.01 l‘cg/r'n3 and
are shown in Figure 5.5-7. Gibven~ th¥= reigtfv;z amounts of the ions re’shitiné from the
rudimentary spectral analysis and cor;lpariné to ti‘lé Saha c>a1.culations,' the temperature of |
the‘ plasma is,expgqted to fall within a lower limit of 2-.2 eV and an upper limit of 2.8 eV.
The lower limit is set by the céﬁclusion that most of the F atoms are ionized, and the
upper limit is set by 'the‘assumptio'n that there are very few F++ ions in the plasma.

In the above rudimentary analysis of the cablegun spectrum, the plasrﬁa
témperature is estimated tdfall between 2.2 eV and 2.8 V. Using this temperafu}e range
and the Sahaeprédicted temperature variations of the mole fractipns given in Figures 5 5-
7, the Teflon-copper plasma is expeéted to consist of similgrv amounts of C+ and C++.
Most of the ﬂlioriné exists in the F+ stﬁte, with a very small amount existing as F++.

Most of the copper in the plasma is expected to exist as Cu++; a small amount of the

ablated copper may be singly ionized (Cu+).
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6. CONCLUSIONS AND ’RECOMMENDATIONS

Using the new radiation model and equation of state tables developed in this
study, the MACH2 simulations of the cablegun and PPT-4 geometries capture the overall
physics of the plasma flows in these devices. In both cablegun and PPT-4 geometries,

the simulations show initial, low density and high velocity plasmas exiting the thrusters

" - followed by higher density plasmas that move at lower velocities. The addition of copper

into the cablegun plasma reduces the plasma exhaust velocity due to the higher molecular
weight 6f thé Teflon-copper mixture compared té the Teﬂon-oﬁly pldsma.

An indicator of .the overall performance of the cabiegun and PPT-4 thrusters is the
average specific impulse (I5p), calculated b‘y di\:/i&ing the total impulse by the propellant
Weight re.quired to produce that impulse;. The higher thé sﬁécifi(: impulse, the less fuel is
required to achieve the desired total impulse. Another design parameter is the total }
impulse divided by the energy stored in the capacitor (I1/E,). This is an indicator of
which thruster provides the m;)st impulse for a given energy input into the device
(including circuit) and is proportional to the mass of the required power-supply. Table
6.1 gives a summary of the performance calculations for the thrusters analyzed in this
stud)". The Teflon-only cablegun produces the highest specific impulse, while the PPT-4 -
outputs the most impulse for a given energy stofed in the capacitor. Therefore, the
Teflon-only cablegun is the preferred device if the ‘pr(‘)pell‘ant wgigﬁt is the design
- parameter. Howevér, if the power-suppl; mass is the overall dgsign concern, PPT-4 is
clearly the better c%hoice.

- Due to its 1afge size and geometry, the PPT-4 device operates rﬁainly as an
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Table 6.1: Summary of Thruster Performance

. Thruster . I () ' | I/E, (s/m)
" Cablegun: 'Teﬂonfcopper - 695 : 9.4e-06
" Cablegun: Teflon-only . 1254 ' 3.5e-06
B S 23005

electrothermal device (96.2%). The Teflon-copper cablegun produces an impulse which
18 92.3% electrothermal, and the cablegun with the tungsten cathode produces an impulse
with the highest electromagnetic fraction of 14.2%, which correqunds to a'85.8%
gasdynamic contribution. The electromagnetic effeet is smallest in the PPT-4 device,
because the plasma centinnes to collect in the lower part of the thruster, leng after the |
current goes to zero. Therefore, the bulk of the ejected plasma expands out the nozzle
with no inﬂuenee freni electrornagnetic forces. A possible area for imprpving the
performance of the PPT-4 is designing a smaller device. A propellant cavity ot similar
geometry (but smaller) would still promote a pressure »buildup‘ while allowing the plasma
 to exit the cavity dnring ‘the current pu'lsejthereby increasing the electromagnetic ‘
centribution to the thrust Also, different nozzle g:eometrihes may provide better
electrothermal acceleration of the plasma 1n both the cableguns and the PPT-4 thruster.
Another possibility for increasing the performances of the thrusters is‘the usev "
polyethylene as the sol1d propellant Recent studles at UTSI [33] have shown that usmg a

propellant with a lower molecular weight increases the spec1fic 1mpulses achieved by

cablegun geometries.
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The thermodynamic properties de\"eloped m this dis‘usertat'ion“sholw variations with
temperature and density that comply w1th the expected phys1cs of the problem’ such as
the relation of the properties to the formation of newv ionic spec1es in the plasma Also,
no problems are ev1dent in the blending of the CEA and Saha results. However, one area
that requires more attentlon 1s the filtering process performed-on the Cv data

Theoretlcally, a low-pass dlgltal filter can be designed to more successfully remove the

data noise while ma1nta1n1ng the overall phys1cs in the results. For future work, the

author suggests updating the CEA libraries with more accurate data for copper atoms and
ions. Also, the ’Sah’a method outlined in this study can be modified to compute molecular

as well as 'atomicspecies at the higher temperatures by adding the effects of molecular

-yibration and rotation to the partition functions [34].

Another area of recommended study is the radiation model developed in this
dissertation. During the early phases of operation, the plasma densities are not high‘
enough to produce the ‘collisions necessary for a Maxwell-Boltzmann distribution.
’l‘herefore, the developed equilibrium radiation model and"equation ot' state tables are not
accurate during the early segment of the thruster shot. Low density models should be
implemented during, the initial phases of At'he thruster operation. The models developed in
this study should be used when. enough rnass has ablated into the thruster volume-to
prouide enough particle collisions to produce equilibri.urn.;

An initial attempt was made to implement the thermal COnduction capability in
MACH?2 with little success. A PPT-4 sin_r_tilation was run with'the "S'pitz'er" thermal
diffusion model in MACH2; and the results were the s‘ame. as those without thermal
diffusion. This may be the result o‘f an incorrectly implemented input file which caused
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MACH?2 to turn off thermal diffusion by default. By including thermal diffusion, the
' simulations would more accurately model the energy lost from the plasma to the thruster
walls; Burton and Bushman [16] measured severe heat losses to the walls of the PPT-4
thruster. Including the effects- of thermal‘ conduotion would lower the plasma temperature
(which MACH2 tends to overestimate) and, therefore, would lower the "fox" required to
achieve accurate plasma temperatures and velocities.

For future PPT-4 (and other devices with low, initial voltages across the
capacitors) simulations, improvements must be made in the MACH2 calculation of the
voltage across the electrodes. Currently, MACH?2 caleulates the port voltage using

Faraday's law:
§E-cﬁ =—ditﬁl§-frdA | (6.1)

where the line integral on the left-hand side of equation (6.1) is calculated across the
sidewalls in blocks 1, 2, and 3, across the upper boundary of block 3, down the
centerhne, and then across the bottom of block 1 (see Flgure 4 2 1 ) The term on the
right-hand side is the integral of the magnetlc ﬂux through the surface def1ned by the
three blocks. The problem occurs in the ,11ne 1ntegrals across the upper boundary of block
3 and down the portion of the centerline where the currents are very weak and the
resistivities are high due to extremely low plasrna densities during the current pulse. A
possible solution is to calculate an average port voltage (V;) using a power-based

method. The power flowing into the plasma at a given instant is determined by:

m—dV+anZdv | (6.2)
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If the first term on the right is small compared to the second, it may be possible to back

out the port volfage from the calculated power (l; = IVp).

‘Out of curiosity, an attempt was made to increa;e fhe simulated PPT-4 current by
‘ r,aisiﬁg the \;oltage (and e;_nergy stored) across fhe‘capacitor. Iﬁcreasing the voltage to
- 2160 volts produges the current history shown in Figure 6.1, which is much closer to the
approximated experimental distribution. The impulse calculated for this simulation
increased t<; 2.5¢-04 Nes, which is only 7.4% different from the experimentally observed
2.7e-04 Nes given in [16]. The computed electromagnetic contribu;ion increased to 6.8%

but is still much lower than the reported value of 14%.
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Figure 6.1: Simulated PPT-4 Current History for an Initial Voltage of 2160 Volts across

the Capacitor
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